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Objectives. The purpose of this study was to evaluate the ability 
of \'elocity-encoded nuclear magnetic resonance (NMR) imaging to 
quantify left to right intracardiac shunts in patients with an atrial 
septal defect. 
Background. Quantification of intra cardiac shunts is clinically 
important in planning therapy. 
Methods. Velocity-encoded NMR imaging was used to quantify 
stroke flow in the aorta and in the main pulmonary artery in a 
group of patients who were known to have an increased pulmo-
nary to systemic flow ratio (QJQs)' The velocity-encoded NMR 
flow data were used to calculate QJQs' and these values were 
compared with measurements of QJQs obtained with oximetric 
data derived from cardiac catheterization and from stroke yolume 
measurements of the two ventricles by using volumetric data from 
The measurement of blood flow in the pulmonary and 
systemic circulations is often important in planning medical 
and surgical therapy in patients with congenital heart dis-
ease. Current methods used clinically to quantify pulmonary 
to systemic flow ratio (QJQs) include oximetric data ob-
tained from cardiac catheterization, Doppler echocardio-
graphic measurement of blood flow (1-3) and quantitative 
radionuclide angiocardiography (4-7). Velocity-encoded 
cine nuclear magnetic resonance (NMR) imaging is a nonin-
vasive technique for quantifying velocity and volume of 
blood flow. The use ofNMR imaging to quantify blood flow 
was first proposed in 1959 (8). During recent years, blood 
flow has been assessed in vivo by using regional phase 
changes in the NMR signal to produce a map of blood flow 
velocity (9). When phase data are incorporated into cine 
gradient echo acquisitions, it is possible to sample blood flow 
velocity and cross-sectional areas of the vessel in multiple 
phases of the cardiac cycle (10). Analysis of these images 
can be used to construct flow or velocity versus time curves 
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biphasic spin echo and cine NMR images obtained at end-diastole 
and end-systole. 
Results. Two independent observers measured QJQs by using 
velocity-encoded NMR imaging in 11 patients and found QJQ. 
ranging from 1.4:1 to 3.9:1. These measurements correlated well 
with both oximetric data (r = 0.91, SEE = 0.35) and ventricular 
volumetric data (r = 0.94, SEE = 0.30). Interobserver reproduc-
ibility for QJQ. by velocity-encoded NMR imaging was good (r = 
0.97, SEE = 0.20). 
Conclusions. Velocity-encoded NMR imaging is an accurate 
and reproducible method for measuring QJQ. in left to right 
shunts. Because it is completely noninvasive, it can be used to 
monitor shunt volume over time. 
(J Am Coll CardioI1992;20:1246-S0) 
during the cardiac cycle. This technique has been applied to 
quantify blood flow in the central circulation and to estimate 
the severity of various flow abnormalities of the heart and 
great vessels (11-13). 
The purpose of this study was to evaluate the ability of 
velocity-encoded cine NMR imaging to quantify QJQs in a 
group of patients with atrial septal defects. 
Methods 
Study patients. Eleven patients aged 18 to 71 years un-
derwent NMR imaging with the use of a l.5-tesla supercon-
ducting magnet (General Electric). The 11 patients had an 
atrial septal defect that was documented by cardiac cathe-
terization in 9 and by two-dimensional and Doppler echocar-
diography in all patients. No patient had evidence of the 
Eisenmenger syndrome, additional shunts or valvular regur-
gitation. The patients gave informed consent, and the pro-
cedure was approved by the Institutional Human Subjects 
Committee on September 6, 1990. 
NMR imaging technique. A sagittal spin echo series was 
initially performed to localize the main pulmonary artery and 
to determine the level of a spin echo axial series that would 
encompass the ascending aorta. The axial series was in turn 
used to define an oblique sagittal series aligned with the long 
axis of the ascending aorta. The sagittal and oblique sagittal 
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Figure 1. A, Sagittal spin echo image the long axis of the 
main pulmonary artery. D, Magnitude and phase (bottom) 
oblique images perpendicular to the long axis of the main pulmonary 
artery. 
series were used to determine the axial oblique slices used 
for velocity-encoded NMR flow measurements in the pulmo-
nary artery and aorta, respectively. The position of the axial 
oblique slices crossed a reference point 10 to 15 mm above 
the center of the pulmonary and aortic valves (Fig. and 2). 
A line placed perpendicular to the long axis of the vessel at 
the reference point was used to define the oblique velocity-
encoded NMR imaging plane. This plane was considered to 
be perpendicular to the true direction of blood flow, and the 
velocity encoding performed in the slice direction was 
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Figure 2. A, Sagittal oblique spin echo image through the long axis 
of the distal ascending aorta. D, Magnitude (top) and phase (bottom) 
double-angle axial oblique velocity-encoded nuclear magnetic reso-
nance images through the distal ascending aorta (arrows) defined by 
the sagittal oblique long-axis image in A. 
parallel to the direction of the flow. Velocity-encoded NMR 
images were acquired by using electrocardiographic (EeG) 
referencing, a repetition time (TR) of 27 ms, an echo time 
(TE) of 7 ms, lO-mm double-angle oblique slices at a rate of 
14 to 16 time frames/RR interval. The matrix size was 128 x 
128 and the number of excitations was two. Reconstruction 
of velocity-encoded NMR data provided both a magnitude 
image (anatomic image) and a phase image mapping 
in the selected direction) (Fig. and 2). 
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The phase of proton spins was modulated by using a 
bipolar gradient pulse for velocity encoding in the slice 
direction (10). Each series consisted of two interleaved cine 
acquisitions using different flow-encoding gradients along 
the same direction (14). Subtraction of data from the two 
acquisitions eliminates phase shifts introduced by chemical 
shift phenomena and magnetic field nonuniformities, result-
ing in cancellation of all phase shifts except those due to flow 
along a velocity-encoded direction. The phase difference 
between the two experiments is proportional to the flow 
velocity in the velocity-encoded direction according to the 
relation 
ll. phase = a Mv , 
where a is the gyromagnetic ratio, M is the difference in 
gradient moment between the two acquisitions and v is the 
velocity. If the gradients of the two experiments are chosen 
to keep the phase shift <180° to avoid aliasing, the velocity 
component along the velocity-encoded direction can be 
determined directly from the phase difference and M (14,15). 
The peak velocity, which is the predicted highest velocity to 
be encoded, was selected by the operator before each 
acquisition over the range between 4 mls and -4 mls. If the 
actual maximal velocity exceeds the peak velocity selected 
by the operator, aliasing occurs, with resultant underestima-
tion of the true maximal velocity. The peak velocity was 
chosen to be substantially higher than the known velocity of 
aortic and pulmonary flow determined previously in normal 
subjects (15). It was expected that the pulmonary flow 
velocity might be higher than normal in patients with a left to 
right shunt. 
Volumetric measurements. Right and left ventricular vol-
umes were also measured by using biphasic spin echo 
imaging (16). These sequences encompassed both ventricles 
in the transaxial plane with 10-mm thick slices and used a flip 
angle of 30°, TR equal to the RR interval of the ECG and TE 
of 14 ms, resulting in two sets of images, one at end-systole 
and the other at end-diastole. 
Owing to a software change in the NMR imaging system 
during the study, three patients underwent cine gradient 
echo imaging instead of biphasic spin echo imaging for right 
and left ventricular volume analysis. These sequences were 
acquired in the transaxial plane at 10-mm intervals and used 
a flip angle of 30°, TR of 46 ms and TE of 12 ms. The 
accuracy of biphasic spin echo and cine NMR images for' 
ventricular volume analysis has been validated previously 
(16-19). 
Image analysis. Images were analyzed independently by 
two observers. For the velocity-encoded NMR images, the 
cross-sectional area of the vessel was calculated from an 
elliptic region of interest placed around the vessel. The 
magnitude images were used for the area measurements 
because of better edge definition. Mean signal intensity 
inside the same region of interest applied to the phase image 
provides the spatial average velocity of the vessel of interest. 
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Figure 3. Velocity-encoded nuclear magnetic resonance flow-
volume curve for a patient with an atrial septal defect resulting in a 
pulmonary to systemic flow ratio (QJQJ of3.9:1. One cardiac cycle 
has been divided into 16 time frames. AO = aorta; PA = pulmonary 
artery. 
velocity yielded the instantaneous flow at a given time 
frame, which was reported for each time frame during the 
cardiac cycle. These instantaneous flow volumes at each 
time frame in the RR interval were summed to yield the 
stroke volume for the aorta (left ventricle) and pulmonary 
artery (right ventricle). 
The right and left ventricular volumes for the biphasic 
spin echo and cine NMR imaging were obtained by manual 
planimetry of the end-systolic and end-diastolic internal 
borders of each chamber and addition of the areas at multiple 
levels. Windows and levels for the cine gradient echo images 
were set according to standardized variables (20). 
Cardiac catheterization. Nine of 11 patients underwent 
cardiac catheterization. Oximetric data was obtained by 
standard techniques and was used to calculate QJQs (21). 
The time interval between cardiac catheterization and NMR 
imaging averaged 5 weeks (range 1 to 12). 
Statistical analysis. Interobserver variation of velocity-
encoded NMR measurements, yelocity-encoded NMR data 
versus volumetric studies and velocity-encoded NMR data 
versus oximetric data were compared with linear regression 
analysis with calculation of the SEE, as well as with an 
unpaired Student t test. A p value < 0.05 was considered 
significant. 
Results 
Figures 3 and 4 show examples of velocity-encoded NMR 
instant flow volumes in the pulmonary artery and aorta 
plotted throughout one cardiac cycle for two patients. The 
area under each curve represents the flow in the pulmonary 
artery and aorta. The difference between the two areas 
represents the volume of the left to right shunt. The ratio of 
the areas under the two curves is the QrlQs' 
QrlQs measured by velocity-encoded NMR imaging 
ranged from 1.4:1 to 3.9:1. These measurements correlated 
lACC Vol. 20, No.5 
November I, 1992:1246-50 

















o 5 10 15 20 
TIME FRAMES 
Figure 4. Velocity-encoded nuclear magnetic resonance flow-
volume curve for a patient with an atrial septal defect resulting in a 
pUlmonary to systemic flow ratio (Q/Q.) of about 1.9: I. Compare 
with Figure 3 but note the difference in scale. AO = aorta; PA = 
pulmonary artery. 
well with oximetric values (r = 0.91, SEE = 0.35) (Fig. 5). 
There was no significant difference between oximetric 
and ~elocity-encoded NMR measurements of QJQs. The 
velocity-encoded NMR measurements correlated well with 
vo~umetric measurements of QJQs (r = 0.94, SEE = 0.30) 
(Fig. 6), and there was no significant difference between the 
velocity-encoded NMR and volumetric measurements. 
Interobserver reproducibility for QJQs 'by velocity-
encoded NMR was good (r = 0.97, SEE = 0.20) (Fig. 7), and 
there was no significant difference between the two observ-
ers' measurements. 
Discussion 
Volume of shunts by velocity-encoded NMR imaging. The 
accuracy of velocity-encoded NMR for measuring flow in 
the pulmonary artery and aorta in normal persons has been 
previously reported (12,15,22). Rees et al. (12) reported the 
Figure S. Comparison of the pulmonary to systemic flow ratio 
~Q/9.) measured by velocity-encoded nuclear magnetic resonance 
Imagmg (VEC-MR) and by oximetry in nine patients. 
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Figure 6. Comparison of the pUlmonary to systemic flow ratio 
(Q/Q.) measured by velocity-encoded nuclear magnetic resonance 
(NMR) imaging (VEC-MR) versus volumetric techniques. Volumet-
ric techniques were biphasic spin echo or cine NMR stacks of 
images encompassing the entire heart (n = II). The asterisk indi-
cates a data point that was identical for two patients. 
use of a velocity-encoded gradient echo sequence to dem-
onstrate unequal levels of pulmonary and systemic flows in a 
few patients with various forms of congenital heart disease. 
The present study has shown that velocity-encoded NMR 
using a 1.5 tesla scanner can quantify QJQs in patients with 
a left to right shunt. These measurements correlate closely 
with oximetric data obtained at cardiac catheterization and 
with volumetric assessment of QJQs derived from' cine 
NMR images. 
Comparison of velocity.encoded NMR imaging and oxime 
etry. The velocity-encoded NMR method correctly as-
sessed the magnitude of the shunt (1.5-2: 1) in terms of the 
values at which surgical closure is generally advised. Oxi-
metric data have been considered the most practical clinical 
standard for quantification of QJQs (23). However, oximet-
ric calculations of QJQs are invasive and their accuracy can 
be affected by several factors. These include the normal 
variability of oxygen saturation within chambers ("intra-
chamber step-up"), the imprecision of mixed venous oxygen 
saturation in atrial septal defects, hemoglobin concentration 
Figure 7. Interobserver reproducibility for Q/Q measured by ve-
locity-encoded nuclear magnetic resonance. S 
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and systemic flow (as flow increases, oximetry-measured 
QJQs increases dramatically and sensitivity is therefore 
dependent on systemic flow). The sensitivities generally 
quoted for oximetry-measured QJQs range from 1.5:1 to 
1.9:1 at the atrial level and improve to about 1.3: 1 at the level 
of the great vessels (23). Velocity-encoded NMR imaging 
may be more sensitive than oximetry for those patients who 
have a small shunt. 
Other noninvasive methods for shunt quantification. Dop-
pler and two-dimensional echocardiography can also provide 
a quantitative assessment of left and right cardiac output. 
Valdes-Cruz et al. (1) reported correlation coefficients >0.9 
for cardiac output determined in both the aorta and the 
pulmonary artery by Doppler echocardiography compared 
with electromagnetic flow meter determinations in open 
chest canine models with experimental ventricular septal 
defects. In human subjects, several investigators have re-
ported significant technical limitations with echocardio-
graphic assessment of QJQs. Goldberg et al. (3) also com-
mented on difficulty with Doppler measurements of right-
sided cardiac output and noted that the error in accurately 
measuring the pulmonary artery diameter is compounded 
when the radius is squared to obtain the area. Kitabatake et 
al. (2) studied 22 patients with atrial septal defect and 
demonstrated a correlation coefficient of r = 0.92 between 
QJQs values obtained by Doppler echocardiography and 
those measured by the Pick technique. The differences in the 
degree of correlation among these several reports may 
reflect the use of different sites for measuring flow. 
With the development in the early 1970s of data storage-
analysis systems, dedicated computers and improved scin-
tillation cameras, quantitative analysis of first-pass radionu-
clide angiocardiograms became possible (4) so that left to 
right shunts could also be estimated with this technique. In 
22 patients with aleft to right shunt, Maltz and Treves (6) 
reported a correlation coefficient of r = 0.91 between QJQs 
determined from gamma-variate analysis of scintigraphic 
versus oximetric data. More recently, Villanueva-Meyer et 
al. (7) reported that both factor analysis and gated stroke 
volume analysis of radionuclide angiocardiograms resulted 
in general correlations with oximetric data (r = 0.655 and 
0.626, respectively). The two major sources of error in 
analysis of radionuclide angiocardiograms are nonuniformity 
of the bolus dose reaching the heart and sudden changes in 
pulmonary blood volume caused by crying or irregular 
respirations in infants and children (6). 
Conclusions. This study demonstrates that velocity-
encoded NMR imaging is an accurate and reproducible 
technique for assessing left to right shunts in patients with 
congenital heart disease. As the technique is completely 
noninvasive, it is a realistic method of monitoring the 
volume of shunts over time. The study was performed in a 
small number of patients and therefore its findings should be 
verified by further studies in a larger patient group. More-
over, the patients in the current study were adults. The 
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accuracy of the measurements in infants and young children 
with much smaller great arteries must be determined. 
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